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ABSTRACT—The filamentary growths of single crystals on material surfaces are termed whiskers. They are seen to nucleate and grow
on certain electronic materials either from vapour and liquid phases or by a process induced by residual stresses in electroplated
surfaces. Whisker growth does not depend on the existence of an electric field and surfaces prone to their growth may nucleate and
form whiskers as a result of exposure to a space environment. This paper includes a detailed examination of tin whiskers which were
found to have 1 to 4 micron diameters and lengths exceeding 2 mm. Some were found to carry currents between 22 and 32 mA before
burning out. Conductive whiskers can cause extensive short circuit damage to spacecraft electronics particularly as miniature devices
progressively employ closer spacings between conductors. Several modes of whisker growth on spacecraft electronic materials
(molybdenum, tungsten, Kovar, tin) have been observed and are described. Tin, cadmium and zinc surfaces can support stress-induced
whisker growth and it is recommended that these metal finishes are excluded from spacecraft design and possibly replaced by a tin-lead

alloy.

INTRODUCTION

Scientists have been interested in the filamentary growth of
crystals since long before the advent of the electronics industry. In the
nineteenth century Robert Boyle observed that protuberances of
silver on certain materials increased in length from one day to
another. It was not until 1946 that single crystals, or whiskers, were
found to grow on the surfaces of materials utilised in the manufacture
of electronic circuits. Undoubtedly electrically conductive whiskers
have inflicted detrimental effects to such circuits. Some of the typical
electrical failures reported?-?- to have been caused by whiskers
include:

e channel-frequency filters failing when whiskers growing on a
plated bracket bridged across air capacitors;

e a potentiometer which failed when whiskers fell across a coil
winding;

e acopper oxide rectifier failed when whiskers bridged across tin
plated terminals;

e arelay operating a circuit of 200 volts which had a persistent
arc caused by tin whiskers.

The topic of whisker growth has often arisen during the course of
the materials and processes meetings which are held at regular
intervals with the many European contractors involved in the
fabrication of European Space Agency (ESA) spacecraft hard-
ware. Specialist materials engineers gathered at these meetings
have expressed concern that surfaces prone to whisker growth could
cause considerable damage to spacecraft electronic hardware.
Although several engineers knew of electrical failures within their
own companies which were accountable to whisker growth,
commercial considerations had prevented such items from being
made generally available for unrestricted failure analysis eval-
uations.

The scientific programmes initiated twelve years ago by ESA
(originally the European Space Research Organisation) involved the
building of satellites requiring a mission life of only one or two years.

The complex ESA Applications satellite programme and the
SPACELAB programme must have mission life requirements
assured for periods of up to at least seven or ten years respectively. It
has therefore become essential that ESA place a greater emphasis on
confirming the reliability of many technologies which, until now,
have been accepted as virtually fault-free. In this context a literature
survey and a short laboratory examination was initiated in the
Materials Section at ESTEC which would evaluate the problem of
whisker growth on tin-plate. Such coatings were previously used
quite extensively as protective, solderable finishes in satellite design.

One poor quality electronic box containing a failed tuner circuit
(not space equipment!) was submitted to our laboratory for
examination. It was noted to support an abundance of whiskers. The
donor stated that whiskers had started to grow inside the box during
the first year and that their growth had continued for ten years to
their present size. The steel box had been electroplated with a matt
tin finish and the soldering of its contents was carried out with cored
eutectic tin-lead solder having a halogenated flux. This item had been
stored under ambient conditions throughout its life.

32

SOME BASIC PROPERTIES OF
TIN WHISKERS

Experimenters* have shown that tin whiskers can grow from
various tin plated substrates in environments of vacuum at
103 mm Hg, dry oxygen, a high humidity of 98 % RH, vaseline oil
and even through films of shellac and polyvinyl chloride. The surface
morphology of tin, zinc and cadmium whiskers have been studied by
scanning electron microscopy.® All growths have been noted to
possess very similar appearances, being cylindrical and either
straight or with a small number of sharp kinks joining straight
segments. Their diameters ranged from 2 to 5 microns whereas a
large variation in length was seen to range from 0.03 mm to 10mm,
Current carrying capacities of tin whiskers have previously been
reported of up to 10mA; a property which would account for many
in-service electrical failures.

Stress accelerated methods of- growing tin whiskers have been
described by Fisher, Darken and Carroll.® They found that by

* compressing a stack of small square pieces of tin plated steel sheet,

such as that from ordinary tin cans, whiskers would sprout from the
edges adjacent to the stressed region. By using this method of
“whisker production” experimenters have spent many trying hours,
working under high powered stereo microscopes, plucking off
whiskers and locating them into test jigs in order to perform
electrical and mechanical tests. Under certain conditions such
whiskers have been found to behave as superconductors, and under
uni-axial tensile forces they will withstand far larger stresses than
bulk tin material.”-#

LABORATORY EXAMINATION OF
WHISKER-GROWING SUBSTRATE

Visual Inspection

The submitted electronic box was initially visually inspected with
a binocular microscope at magnifications of up to x 10. Certain areas
were then viewed with a Reichert projection microscope at far higher
magnifications. The overall view of the box is shown in Figure 1. Ata
magnification of x 2 the internal walls of the box were noted to have
a furry appearance. Bright flashes of reflected light were transmitted
through the microscopes, from random spots on the box surface asits
orientation was slightly changed (see Figure 2). At slightly higher
magnifications the whisker colonies became clearly visible. Figure 3
details an oblique view of whiskers adjacent to a mechanical gear
wheel inside the box. Figure 4 shows whiskers to have grown
sufficiently long to have collided with an exposed inductor coil.
These figures clearly highlight the dangers of whisker dislodgement
as caused by mechanical forces and also the possibility of electrical
short circuiting. The typical topography of the internal surface of the
box is detailed in Figure 5. Several whiskers were measured with a
graticule attachment to the light microscope and lengths exceeding
2mm have been recorded.

An interesting feature of the box is that no whiskers were seen to
have grown on its external surfaces. The internal surfaces had been
directly soldered to in several positions. No whiskers were observed
to have nucleated within 1 mm distance of the solder fillet peripheries
and none were present on the tin-lead surfaces.
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Adhesion Text

Several small areas of the U plated steel were very casefully
removed from the box wall with a jeweller's saw. A comirnlled
adhesion fest,” cmploying pressure sensitive tapes and a2 tensile
tesung maching, was applied o both surfaces of these cut samples.
The external tin plating was acted to be firmfy attached 1o the steel
substrate whereas the interpal whisker supporting tn surface was
detached from the subsirate with average loads of 160 grams per am
width of tape. The underside of the separated tin plate is seen w
Figure 6. The longitudinal markings replicats the susface finish of
the steet plate. T zing offect reflects '};L britile natuie of the
plated deposit.

Scanning Elcetron Microscope (SEM) Study of Whiskers

The extensive depth of focus provided by the SEM facilitated
topographical examination of the whisker growths, The general
appearances of these whiskers are seen in Figures 7to 15, Frequently
the whiskers are poted 1o have a uniform direction of growth.
Whisker diameters vary from 1 to 4 mictons and their surfaces are
characterised by the presence of fongitudinal striations M’mh run
patallel i the divection of growth. ()»Ld%!ﬂnd-\h')}%:\‘
Y. were noted to have very ir

Underside of thin tin plating foliowing its detachment from
steel ple

plute during adhesion test,

Wi 7. Sconnivg Electron Microgeaph showing general appearance
c whiskers.

growsh divection or kinks, ware vseally associated with an anpy
displavement of about 45 dgngs. The variation in whisker diame
is seen 1o be simiiluy to the average sive of the nodularlike
puattern een on the plating surface in Figui‘cs 9, 14 'md &
iciprent whisker seen in F
from the "stepped” end of the V»I’J\}\z“ seenin Figare 13 .’a} ch has
appewrance of a fractured sur . The change in diameter o
whiskers shaft, asn h"uic it “pmau {from 1t surface morphol
to be due 1o the presence of an edge dislocation.

The X-tay energy dispessive dtlf.l})’bc attachment o the §
ssed to make point analyses of the plating and at several I
along the length of individual whiskers. The resuliant characieris
X-ray pe.n\s sevealed only the presence of tin, other clements pre
in excess of about S0 parts per million were not observed.
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Measurement of Whiskers’ Current Carrying Capacity

Several whiskers having lengths of more than t3mmw
carefully plucked from tie tin plated box and attached at their

I view of whiskess showing wniforsy diameters along
their lengiiss.
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Fia. 15 As figure §4.

Metallography

A smalf part of the steel containes was carefully removed with a
jeweller’s suw. This was transversely mounted m a room temperature
curing resin sud then ground and potished to 3 one micron diamond
paste finish, The mount was lightly etched, then viewed with a
Reichert projection microscope. The tin plated steel surfaces are seen
in cross-section in Figures 28 and 22 at a maguification of x 1000
The section teveals that a thin sirike of copper had been applied to
the steel before the final tin plating. The thicknesses of the various

- plated tayers are as tabufated in the next colums.

Several cross-sectioned whiskers can be seen embedded in the
mount material photographed in Figure 21; they bave diameters in
the order of 2 microns. No vouds are seen within the bulk of the tin
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DISCUSSION

“The Process of Whisker Nucleation from Vapour or Liquid Phases

One model*? for nucleation of whiskers on a pexfect erystal surface
considers the presence of impurity irace atoms which have been
adsorbed by the crystal structure. These adsorbed atoms have
stomic radii below a critical size in ovder that they may diffuse
considerable distances within the crystal belore emerging to the
ctystal susface and evaporating again.

Al this moment the crystal is assumed 10 be in equilibriom with its
vapour pressure, If the vapour pressure above the surface i then
increased, thereby affecting an increase in the number of adsorbed
atoms, at some point it will be possibie for two or more of these aloms
16 be positioned together on the crystal surface. The atouwnic steps, ot
ledges. sursounding such atorns witl have a high binding energy and
therefore would act as preferential sites for the desposition of further
atoms. These nucleation sites on the surface of a substrate could
nitiate the growth of whiskers from a surrounding tiguid or vapour
AAAAA ~phase. It is probable that this nucleation mechanssm will precede the
growth of metallic whiskers from the reduction of various volatite
salts, In particular Fe, Cu. Ag, Ni, Co, Ptand Au were seen (o be
readily reduced from their halides to form whiskers which grew from
their tips by the condensation of freshly forsmed metal vapour.!! The
formation of silver whiskers on the surface of pressed a-silver
sulphide have recently been studied.'? Silver atoms were mitiadly

materiat
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wadide
s and stdes of the whiskers) there was no witial
o the cell due to any aucleation stage and a steady
state was immediately attaised at a potential which was dependen
an the magnitude of the current used for growing whiskers.

The Process of Stress-Induced Whisker Nucleation

Tin and possibly cadmium and zinc whiskers will nucleate and
grow spontancously from electroplated surfaces regardless of their
surrounding environment.'* Growth is most hkely induced by
stresses within the electroplated layer such as those resulting from:

a) impurity atoms which have codeposited;

b) residual stresses due to plating conditions {e.g., high current
density):

¢} residual stresses from mechanicatl working of surface after
plating {eg. tumble drying or abrasive cleaning of com-

ponents);
d) stresses due to mechanical loading of plating by bolting or
spring fixtures;

e} stresses caused by differences in thermal expansion between the
plating and its substrate;

) particle trradiation;

g) stresses formed by internal oxidation.

Whisker nucleation sites may become conducive for whisker
growth depending on the inteusity and direction of any of the
aforsmentioned stresses. These sites will occur at positions of defects
within the lattice struciure of the electrodeposit. Emergent screw
dislocations are sources capable of instigating the contingous growih
of whiskers. In crysialiographic terms compressive microstresses
within the deposit may be relieved by the outward diffusion of
material in a direction perpendicular to the serew dislocation: Such
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miss transfer is bkely to involve distocation mechanisms, such ax
cross-slip and climb, which will tacilitate tranfer of material from the
butk of the deposit 1o the viginity of activated screw distocations.

This mechanism of growth assumes that whiskers grow from theiv
ronts upwards with the gradusl foeding of new atoms Lo the whisker
base. Experunents using radioactive tracers have nwc\z's,'n‘d
material seif-diffusion and growth of tin whiskers.!* 1t was found that
tin deposits containing oxygen promote rapid difusion of in into the
whisker from divectiy underneath the whisker but that oxygen also
tended to inhibit large scale ditfusion of tin from directions parallel to
the substrate surface.

Tests using X-ray difftaction techniques on zine and cadmium
whiskers have shown them to be single crystals with the “C” axis of
their close packed hexagonal structure Iying paraliel to the direction
of growth of the whiskers. Tin whiskers were shown to have a
tetragonal structure.'

Results of the laboratory tnvestigation already outhined in the text
show that the tin whiskers are very pure, have a uniform growth
divection and are highly conductive, thereby dicating that theiv
crystal structure is virtually perfect. particularly with respect io line
defects such as edge dislocations which are thought to be
characterised by the observed longitudinal surface staations. The
poor adherence and rather brittle nature of the tin plate seen in
Figure 6 indicate that residual microstresses were avatlable and
prohably played the wimjor part in promoting tin whisker growth.
The regions surrounding solder joints made to this tin plate did not
support whiskers presumably because of the cancellation of
microstresses, or stress-relief, in the tin by the heat dissipated from
the soldering tool.

The tin plating on the inside of the electronic bos is

ated to be hatf

Fice 23A.

as thick as the outside deposit. This resufts from the poor throwd
power of the clectroplating solation. It would appear that und
these conditions, the crincal thickuess of un whtcn witl init
whisker growih lies around i micr bt is iaretes
there has been no local surface subsidence i the b

whiskens (Figures 14 aud 15)and the cross-sectioned \ﬂ"l\k&! st
{Frgure 21) shows no wricroscopic voitds or pores hkely to accaunt f
the volume of tin m 2 up the whiskers. This tndicates that ¢}
has been extensive Un diffsston from di‘t)c, ions parafie! tothe sur
of the steef substiate

The Danger of Whiskers to Spaceceaft Electronic Systems

During the pastfive years laboratory work at ESTEC in the field
component faffure analysis bas shown conclusively that whisk
growth will, under many conditions, jeopardize the refiahility v
spacecraft electronics. The following modes of whisker growth b '
been observed:

a) The growth of molybdenum whiskers in a high humidity &
liguid eavironment as seen in Figure 23, Failed integrate
cireutts were eleatically iested, leak tested and ficca‘wped
inspc-:tioz: and energy-dispersive X-ray analysis revealed tha
wolybdenum whiskers had grown from the metallisation
pattern on the chip causing internal short cireuits.'* Alhow;
the packam: swas siill hermetic, surface stains strongly indicuis
that some residual liquid was preseat in the device when ity
seated.

b} Tungsten whiskers were ohserved to be growing on the surfacs
of heater coils sitwated within vacuum tubes.'® They a

thought to have grown from the vapour phase resulting from

faaam swliiskers prows

Fic, 23A-D. :
lvcl mel(:.’! sation "(mmn onan mtr’fua'er{ circuil.
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coit. Bome whiskers had grows w2 length ngn
short - whisker shown in figure 24 had a
ipproximately 2 microns. .
Glass-rich oxide whiskers have been reve 9icd within thv
tﬂSPId[IOﬂ glass windows of integrated circuit flat-packs.t”

“tgure 29 shows the gap between 3 Kovar le ad "md the package
wall frame. Priov to glass-sealing the metal parts were iniuaily
oxidised. Dhuring sealing glass preforms are melted and flowy
around the oxidised metal pieces. At thas stage metal oxide s
dizsolved into the ghass to form a hard oxide-rich glass layer and
a strong ghass-to-metal seal. On cooling, the volume of figd
between the fead and the wall frame of this device has
hecome super-saturated with metal oxide. Glass-rich oxide
whiskers have then nucleated on the metal surfaces and grown
mio the glass. Such whiskers have a fur greater clectrical

Tungsien whisker growth on g mmgsten heater coil.

Kovae, FRAME

-rich exide whiskers {arrowed ) witinn glass
insation of flar puck windows.
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& &
'hiskcr

oonductor pd ths. "‘h»w* ’6 shows snc}‘ @ Wh%skcrc
have &
pob’s having an cpoxy/giass fi bre bd se faminaie u ype G JG‘,. Th\'f
thermal expansion characieristics of this laminate have been
studied.?™ In the divection perpendicular to the laminate the
glass weave does not restnet the vesin expansion and in this Z-
direction {fie., in the board thickness) the coefficient of
expansion is an order of magnitude greater than o the Xand Y
drrections {Le, along the width or length of the board). Type
(310 boards with a thickaess of 1.5 mua wete seen to incresse m

rickness between 35 1o 40 microns when cycled through the
temperature range from 20-C 10 §160°C. In the case of peh's or
mutitayer boards with plated throngh hokes nnd 4 firal finish of
a plating the problom of wins
2 siioubd pot be minimised. In
maich betwe
neoted to tensile ang wessive forces whic
3hi5 exirusion

Az
FAN

and the findings fvom the
ier ip the wext show that
of consgductive
zeraft eleciron
wits which
:mp{nv closer spreings between conductors

Yhisker growih does not depend on the existence of an eleciric
field. f,,’,ldctua.;d winskers which may have grown dueing the
mansfacture, integration or testing of the spacec
hecome detached duving the launch phase as o result of the
farge release of mechanical encrgy {thermed vibration, shock
and avonstic noise). Once detached, they may ﬂoat under zero
pravity on o elecwically conductive .~.umc 5. Shart cireuits
may be caused by w ey bridging gaps on prinfed circui
boards or solar array v may also be caused by wiaskers
“11 ling : ¢s. Paints and euamels are

The fiterature sur (8¢ 1
Izboratory analyse R
S‘DO.’}{'CH'!CGUS &f()&ﬂ’f 18
extensive damage ti s

proventit

tong T equiremen
orajects there is also the danger tha
growth may nucleate and form whiskers as a :‘Mu}- of f:xpo; are
1o the space eovironment.*® Thermal cycling of the spacecraft
when Jocalised stresses are imposed on adizcent materials with

fn view of the oA recent L.,A space
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